Normal rhythms originate in the sino-atrial node, a specialized cardiac tissue consisting of only a few thousands of nodal pacemaker cells. Malfunction of pacemaker cells due to diseases or aging leads to rhythm generation disorders (for example, bradycardias and sick-sinus syndrome (SSS)), which often necessitate the implantation of electronic pacemakers. Although effective, electronic devices are associated with such shortcomings as limited battery life, permanent implantation of leads, lead dislodging, the lack of autonomic responses and so on. Here, various gene-and cell-based approaches, with a particular emphasis placed on the use of pluripotent stem cells and the hyperpolarization-activated cyclic nucleotide-gated-encoded pacemaker gene family, that have been pursued in the past decade to reconstruct bio-artificial pacemakers as alternatives will be discussed in relation to the basic biological insights and translational regenerative potential. Gene Therapy (2012) 19, 588-595; doi:10.1038/gt.2012.33
The heart beats with a regular rhythm to pump blood throughout the body. These mechanical actions require the highly coordinated efforts of different types of cardiomyocytes (CMs) such as atrial, ventricular and pacemaker cells. Chamber-specific CM types differ substantially in their electrical properties, which in turn govern cardiac excitability. Normal heart (sinus) rhythms originate in the sino-atrial node (SAN), a specialized cardiac tissue consisting of only a few thousands nodal or so-called pacemaker cells. 1, 2 The SAN spontaneously and rhythmically generates action potentials (APs) by the process of pacemaking. These rhythmic APs propagate through the atria to the atrioventricular node, and after a slow pause, subsequently to the ventricles via a unique conduction system for coordinated chamber contractions and therefore blood pumping. As such, the SAN is responsible for initiating and controlling the heart rate.
CLASSICAL VIEW OF CARDIAC PACEMAKING: SAN IS A COMPLEX STRUCTURE THAT FUNCTIONS WITH A COMPLEX MECHANISM
Structurally, the native SAN is a complex, three-dimensional tissue containing a heterogeneous population of pacemaker cells that display a range of phenotypic properties and anatomic boundary effects. 1, 3 For instance, there are gradual gradient changes in the AP profile, 4, 5 ionic current densities and gap-junction expression from central (dominant or the leading pacemaker site) to peripheral (subsidiary) SAN cells. 1 These differences and anatomic arrangements (for example, interdigitation) have been thought to ensure that the leading center cells are protected from any over-hyperpolarizing effects from the surrounding mass of atrial CMs and that the depolarization wave front is propagated in the proper directions. In addition to pacemaker cells, the SAN also contains atrial CMs, fibroblasts and adipocytes. The collagen content of the SAN region is relatively high. 6 During aging, the SAN undergoes structural remodeling along with an increased collagen content 7 and other functional changes. For a more thorough review of the structure-function relationships of SAN, please refer to other excellent reviews of the topic. 1, 3 At the molecular and cellular levels, the process of pacemaking involves the complex interplay of a range of ionic channels and pumps, which in turn give pacemaker AP a unique signature waveform. For instance, the upstroke velocity is much lower than that in the ventricle, and uniquely display a re-depolarization phase at the end of each AP that results in repetitive firing. Among the key players, the hyperpolarization-activated current (I f , f for 'funny') or the so-called pacemaker current 8 is robustly present in pacemaker CMs but absent in healthy adult ventricular cells. In contrast, the inward-rectifier current (I K1 ) responsible for stabilizing the resting membrane potential is robustly expressed in ventricular CMs but absent or lowly expressed in the SAN. Additional components such as the L-type (I Ca,L ) and T-type (I Ca,T ) Ca currents, the transient outward current (I to ), the rapid (I Kr ) and slow (I Ks ) components of the delayed rectifier current (I K ), as well as the Na + -Ca 2+ exchanger, also significantly contribute to shape the pacemaker AP.
At the multicellular level, cell-to-cell electrical coupling within the SAN is poor because of the low density of connexin-encoded gap junctions. A poor electric connection in the center of the node, together with a progressively improved coupling when approaching the border with atrial muscle, is thought to favor electrical signal propagation from the SAN center while protecting from hyperpolarization by the atrial muscle mass.
ELECTRONIC PACEMAKERS FOR HEART RHYTHM DISORDERS Malfunction of cardiac pacemaker cells due to diseases or aging leads to a range of rhythm generation disorders (for example, bradycardias and SSS). Traditional treatments require pharmacological intervention and/or implantation of electronic pacemakers. Although effective, such therapy is also associated with significant risks (for example infection, hemorrhage, lung collapse and death) and other disadvantages such as limited battery life, permanent implantation of catheters, lack of autonomic neurohumoral responses and so on. As for pediatric patients with conditions such as symptomatic bradycardias, bradycardia-dependent ventricular arrhythmias and other postoperative arrhythmias that require electronic pacemakers for life-sustaining rhythms, several considerations can further complicate their management. 7, [9] [10] [11] [12] For instance, somatic growth may result in lead tension and thereby increase the risk of lead dislodging and fracturing that are fairly common in active young patients. The placement of an electronic system could also be hindered by congenital heart defects and structural abnormalities.
Structure-function relationships of hyperpolarization-activated cyclic nucleotide-gated (HCN) channels, a key player of pacemaker activity As mentioned above, the diastolic depolarizing current I f , encoded by the HCN or the so-called 'pacemaker channel' gene family, [13] [14] [15] [16] [17] is a key player in cardiac pacing. Structurally, HCN channels share the same basic design motif of classical depolarization-activated voltage-gated K + (Kv) channels whose fundamental building blocks are monomers consisting of six transmembrane segments (S1-6)( Figure 1a) . Functionally, two distinct features set HCN channels apart: (1) they nonselectively permeate Na + and K + (with a ratio of 1:4 vs 1:100 of K+ channels), despite the fact that their pore also contains the signature sequence GYG and (2) HCN channels are activated by hyperpolarization rather than depolarization, although their S4 voltage sensor also carries a ribbon of regularly spaced positively-charged amino-acid residues similar to their depolarization-activated counterparts. HCN channels also contain in their C-termini a cyclic nucleotide-binding domain homologous to those of cyclic nucleotide-gated channels. 18, 19 Upon cAMP-binding, cyclic nucleotide-binding domain undergoes conformational changes to accelerate HCN current kinetics and positively shift steady-state activation, thereby promoting channel activity and subsequently the rhythmic firing rate that I f modulates. 20 To date, four isoforms, namely HCN1-4, have been identified. These isoforms exhibit different patterns of gene expression and tissue distribution, 14, 16, 17, 21, 22 and co-assemble to form hetero-tetrameric complexes (except between HCN2 and HCN3) that underlie the native I f . [23] [24] [25] [26] HCN1 is the most abundant isoform in the brain and is substantially expressed in the SAN (but not in the ventricles or atria). 27, 28 Although HCN3 is present in the central nervous system but absent in the heart, HCN2 and HCN4 are found in both. When heterologously expressed, HCN1-4 channels have distinct cAMP sensitivities and gating properties. Of the two predominant isoforms found in the SAN, time-dependent HCN1 currents are 40 times faster than those of HCN416. [29] [30] [31] [32] I f modulates heart rate in response to neural inputs by regulating the rates of cellular depolarization to AP threshold (that is, the slope of phase 4 depolarization), thereby determining the oscillation frequency. Mutations in the human HCN gene lead to familial sinus node dysfunction. 33, 34 Although I f in the human atria has been suggested to contribute to atrial ectopy, 35 upregulation of HCN2 and HCN4 in the ventricles in disease states, such as heart failure, hypertrophy and hypertension, may predispose certain arrhythmias. 36, 37 Because the four HCN isoforms co-assemble to form heteromultimeric channels, the molecular identity of endogenous I f is complex. Also, given the poorly defined subunit interactions of HCN, it is therefore virtually impossible to reproduce the permutations of endogenous I f via genetic expression of a single HCN isoform. To bioengineer a single recombinant HCN construct that mimics the native channel, our laboratory first undertook a series of structure-function studies of HCN channels 24, [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] to better understand their basic biology. In some of the initial studies, we discovered that HCN gating (that is, opening and closing) is highly dependent on the length of the linker between the third and fourth transmembrane segments (that is, S3-S4 linker, see Figure 1b ) 44 and several charged amino acids therein, 42, 43, 45 further highlighting several evolutionary similarities and differences between HCN and Kv channels. 10, 48 Long and short linkers generally shift steady-state activation in the negative and positive directions, making them energetically more difficult and easier to open, respectively. As such, not only does engineering the S3-S4 linker length provide a flexible approach to mimic the native heteromultimeric I f but also a means to customize HCN activity for 'programming' bio-artificial pacing, 49 as further elaborated in the next section. Engineering biological alternatives to electronic pacemakers Gene-based bio-artificial SAN (bio-SAN). Unlike rhythmically firing pacemaker cells, adult atrial and ventricular muscle cells are normally electrically silent unless they get stimulated by signals transmitted from neighboring cells that originate from the SAN. This quiescent nature of cardiac muscle CMs is due to the absence of I f and the intense expression of I K1 (a.k.a. the inward-rectifier K+ current), encoded by the Kir2 gene family, which stabilizes a negative resting membrane potential (RMPBÀ80 mV). Given the limitations of electronic pacemakers, several gene-and cell-based approaches have been explored to confer upon normally quiescent cardiac muscle cells the ability to intrinsically fire APs similar to genuine nodal pacemaker cells as potential biological alternatives or supplements to electronic devices. In addition to the translational potential, these studies also shed mechanistic insights into cardiac automaticity. Miake et al. 50 demonstrated that genetic suppression of I K1 in normally silent ventricular myocytes by 480% can cause spontaneous firing activity in a binary 'on-and-off' fashion. The induced frequency is only a third of the normal physiological range and as such not suitable for acting as a reliable biological pacemaker. Alternatively, we 49, [51] [52] [53] [54] and others 55 have chosen to employ a genuine pacemaker gene product, the HCN channels, for the induction of automaticity. As mentioned, native I f is heteromultimeric and difficult to reproduce with a single gene product. Indeed, forced expression of wild-type HCN1 49 or HCN2 56 channels alone is insufficient to induce pacemaking activity in adult ventricular CMs. As such, efforts of converting a recombinant Kv1.4 channel into a hyperpolarization-activated channel by specific aminoacid substitutions have been pursued to give rise to spontaneous APs. 57 By taking an in silico or mathematical approach, our laboratory first developed a computational model for converting normally quiescent adult ventricular or atrial muscle CMs into AP-firing pacemaker. 51 Using such a conceptual strategy as our guide, we went on to experimentally validate by gene-transferring various engineered HCN (S3-S4) constructs to adult guinea pig left ventricle (LV) CMs. 49 Electrophsyiological recordings at the single-cell level show that control ventricular CMs are always silent (Figure 2 ) but excitable to generate typical ventricular APs upon stimulation. Interestingly, adenovirus (Ad)-mediated forced expression of HCN1-DDD (whose S3-S4 linker has been shortened to favor opening) [42] [43] [44] exclusively induces physiological pacemaking activities that resemble those of native SAN cells. Interestingly, the induced pacing rate, maximum diastolic potential (1D) and phase 4 slope are all positively correlated to HCN1-DDD current amplitude. In contrast, neither wild-type nor QQ293QQQ (with a lengthened linker) HCN channels that activate more negatively exert any effect on the ventricular phenotype. 49 Inhibition by the HCN-specific blocker ZD7288 ceases bio-artificial pacing. Interestingly, the silenced cells can generate normal ventricular APs upon stimulations. These findings suggest that HCN-converted bio-SAN cells display a dual identity that is not seen in native cells; they retain their ventricular identity as a muscle cell when not functioning as a bio-artificial pacemaker.
To date, we have similarly successfully employed HCN1-DDD to convert left atrial and right atrial (RA), as well as ventricular (V) CMs, and various species (guinea pigs, pigs, neonatal rat, mouse and human), indicating the versatility of this approach. Interestingly, the same HCN1-DDD always induces AP-firing with rates similar to the heart rates of the corresponding species, implicating that although I f is key to rhythm generation (by primarily modulating the phase 4 slope), other ionic components are responsible for modulating APD or cycle length. These results are consistent with our finding that engineering the ratio of two ionic components, I f and I K1 , alone is sufficient to confer the pacemaking phenotype on even inexcitable cell types (see later). 53, 54 Engineering I f and I K1 ratio is an effective strategy for inducing and finetuning bio-artificial pacing-cardiac pacemaking has a SIMPLE mechanistic basis. Our recent computational and experimental results indicate that induction of automaticity in RA CMs occurs only within a finite range of I f /I K1 ratio 53 (see 58 for editorial comment). In other words, engineering the I f /I K1 ratio is a more effective strategy for fine-tuning biopacing than I f or I K1 alone. We have determined the optical range of I f for inducing automaticity in RA CMs; excessive I f can silence bio-artificial pacemakers, 53 and the strategies of I K1 suppression and I f overexpression are therefore not necessarily synergistic as traditionally thought. 54 Unique interactions exist between I f and I K1 , and their co-expression promotes bioengineered cardiac automaticity. Intriguingly, engineering the I f /I K1 ratio even suffices to confer on even inexcitable cells, such as undifferentiated human embryonic stem cell (hESC), the pacemaking activity (Fu JD and Li RA, unpublished data). This finding suggests that pacemaking or the process of rhythm generation has a simple mechanistic basis and that all the other ionic components present are for modulation and species-specific signatures.
A SIMPLE injection to construct an in vivo bio-SAN suffices to mimic the complex native SAN. Although HCN1 expression can confer on adult atrial and ventricular CMs, the ability to spontaneously fire APs at physiological rates at the single-cell level, 49 the massive surrounding atrial or ventricular tissue can serve as an electrotonic sink that prevents signal propagation away from bio-SAN due to cellto-cell coupling. In some unpublished experiments, heart block was indeed observed (RA Li and FG Akar, unpublished data). To test this, we developed a large animal (swine) model of SSS such that clinically relevant procedures and assessments can be applied. 52 Importantly, swine heart has anatomical and physiological properties that are more comparable to those of human (for example, heart rates of both species are B80 vs 4-500 bpm of rodents). To create a SSS model, we radiofrequency-ablated the native SAN and implanted a dual-chamber electronic pacemaker for life-sustaining rhythms. Interestingly, focal injection of Ad-CMV-GFP-IRES-HCN1-DDD in the left atrium of SSS swines reproducibly induces a stable, catecholamine-responsive in vivo bio-SAN that exhibits a physiological heart rate ( Figures 3 and 4) , substantially reducing device-supported pacing (from 80 to 15%) in 2 weeks. In this experiment, left atrial (rather than RA where the native SAN resides) was strategically chosen to create a reverse pattern. In other words, we have successfully translocated the SAN from the right to the left. Furthermore, our construction of a bio-SAN requires the focal transduction of only a relatively small number of cells within the heart, consistent with the small size of the native SAN, but suggest that a complex three-dimensional structure is not needed for bio-SAN to functionally pace the entire heart.
Cell-based bio-artificial pacemakers. As an alternative to the genebased approaches for creating bio-SAN, several cell-based approaches have also been pursued. Human mesenchymal stem cells pretransfected with HCN2 channels have been employed as a delivery vehicle for introducing I f into neighboring CMs via gap-junctionmediated coupling. 59, 60 However, questions related to the stability of such coupling between non-cardiac cells and the myocardium, time-dependent loss of the HCN activity introduced by transfection, HCN-transduced human mesenchymal stem cells are not electrically active per se, the heterogeneous nature of human mesenchymal stem cells and the possibility of differentiating into cardiac or even non-cardiac cells with electrical properties, different from those of pretransplanted cells, have been raised 61 and discussed. 62, 63 Along the same line, ventricular myocytes have been converted into pacemakerlike heterokaryons via chemically-induced fusion with fibroblasts transduced to express HCN1 channels. 64 When injected into the guinea pig LV, electrocardiography confirmed ectopic rhythms. Previous studies have indicated that similar heterokaryons can remain stable for several months. [65] [66] [67] In yet another proof-of-principle experiments, autologous SAN pacemaker cells were harvested, then transplanted back into the same animal in a dog model of sinus disorders for rhythm regeneration. 68 Human ESCs, isolated from the inner cell mass of blastocyst, can self-renew while maintaining their pluripotency to differentiate into all cell types, 69 including CMs. 70, 71 Therefore, in principle, hESCs can serve as an unlimited ex vivo source of CMs for cell-based heart therapies. 72, 73 We have differentiated hESCs into electrically active CMs, followed by transplantation into the guinea pig LVs to generate an in vivo epicardial pacing origin or cell-based pacemaker as confirmed by high-resolution optimal mapping. 74 Independently, Gepstein and colleagues 75 similarly transplanted spontaneously beating hESC-derived clusters into swines to induce ectopic pacing. Both laboratories considered the entire transplant of beating clusters as Gene-and cell-based bio-artificial pacemaker RA Li single electrically active entities. When dissociated into single cells, we have now learned from patch-clamp recordings that the clusters are highly heterogenous containing a mixture of ventricular-, atrial-as well as pacemaker-like derivatives. 76 Furthermore, it is uncertain as to how long and to what extent electrically active hESC-derived CMs will continue to retain their 'nodal-like' phenotype in vivo. In addition, the graft size, transplantation site, purity of nodal cells in the graft, time course for maturation and so on are other contributing factors that also need to be considered.
FUTURE DIRECTIONS AND LIMITATIONS
Taken collectively, a number of options are now available with proofof-concept experiments performed. Although much has been learned in the past few years, these previous studies were performed by different groups using somewhat different strategies, protocols, cell types and animal models, making detailed comparison for fine tuning difficult. For instance, cellular AP recordings were mostly done with ventricular 25, 49, 50, 56, 77, 78 rather atrial CMs, 52, 53 although the latter will be the likely therapeutic recipient; similarly, some in vivo gene transfer or transplantation experiments were done in the LV 50, 52, 57, 64, 74 or left atrial rather than the RA where the native SAN resides. Although surface electrocardiography hints at ectopic ventricular beats in some studies, but no further mapping was done to confirm the pacing origin. 50, 57, 64 As such, detailed conduction properties from bio-SAN and susceptibility to reentrant arrhythmias after implantation are not known. In some studies, HCN constructs were confirmed in HEK cells 79 (or cultured neonatal ventricular CMs 80 ) followed by in vivo transduction in the left atrium, but the recipient atrial cells were never isolated and recorded to show spontaneous APs. 81 Furthermore, almost all in vivo studies reported data not more than 2 weeks 52, 60, 64, 74, 75, 80, 81 (except a recent report on human mesenchymal stem cell transplantation with data up to 6 weeks 59 ). Clearly, the field can now advance more rapidly by taking a unified experimental approach; significant proof-of-concept data also suggest that experiments for testing the long-term functional efficacy and safety of bio-SAN are now appropriate. Knowledge of bradycardic drugbinding site and the cAMP-binding domain may also be applied to engineer the responses of bio-SAN to biological and physiological stimuli. It is imperative to know whether bio-SAN displays over time the crucial features that a surrogate pacemaker is expected to function. For instance, are there time-dependent changes? If so, are they only secondary to altered responses of bio-SAN to neurohumoral inputs? Are there changes in the way the recipient heart receives and propagates bio-SAN signals? It is also unclear whether the introduction of a bio-SAN per se confers any short-and/or long-term arrhythmogenic risks. By identifying if, how, where, when and why bio-SAN fails under physiological as well as stressful conditions (for example, native SAN automaticity is known to be susceptible and vulnerable to metabolic inhibition such as hypoxia 82 ), we will be able to develop the next-generation prototypes with improved functional efficacy and durability.
Adeno-associated virus-mediated somatic gene transfer
The optimal vector for developing gene (HCN)-based bio-SAN should enable permanent transgene expression without undesirable side effects such as immunological responses. In our previous studies, 49, 52 adenoviral vectors were employed for initial proof-of-concept experiments because of their high titers, ease of production, and high in vivo transduction efficiency at the injection site. However, Ad-mediated transgene expression is only transient due to the lack of integration. Previous in vivo adenoviral gene-transfer studies [83] [84] [85] 100 The use of rAAV and various viral and nonviral vectors for gene therapies of cardiovascular diseases, as well as their pros and cons, have been recently extensively reviewed by Hajjar and colleagues. 90 
CONCLUSION
Numerous proof-of-concept data are now available to convincingly demonstrate that bio-SAN with functions similar or superior to electronic pacemaker can be constructed. The challenge now is to test their long-term efficacy and safety, and whether bio-SAN displays over time the crucial features that a surrogate pacemaker is expected to function. It is also imperative to identify where and when (that is, under what conditions) bio-SAN fails so as to develop the next-generation improved prototypes. It remains to be seen whether and when bio-SAN will ever become a clinical routine as have electronic devices. This process depends on numerous scientific as well as nonscientific factors. However, it is certain that invaluable knowledge and experience will be gained during the quest. Having entered the era of regenerative medicine, there has been an exponential increase of viable options that were previously not available. Although many are still in the experimental stage or clinical trials, it is reasonable to expect that better treatments or even cures for the most debilitating and currently incurable diseases will become available in the foreseeable future.
